Abstract Shallow landslides (i.e. 1-2-m depth) on both man-made and natural slopes are of major concern worldwide that has led to huge amount of socio-economical losses. The use of vegetation has been considered as an environmentally friendly means of stabilising slopes. Existing studies have focused on the use of plant roots with different geometries to mechanically stabilise soil slopes, but there are little data available on the contribution of transpiration-induced suction to slope stability. This study was designed to quantify both the hydrological and mechanical effects of root geometry on the stability of shallow slopes. Centrifuge tests were conducted to measure soil suction in slope models supported by newly developed artificial roots. These artificial roots exhibit three different representative geometries (i.e. tap, heart and plate) and could simulate the effects of transpiration. The measured suction was then back-analysed through a series of finite element seepage-stability analyses to determine the factor of safety (FOS). It is revealed that after a rainfall event with a return period of 1000 years, the slope supported by heart-shaped roots retained the highest suction within the root depth, and thus, this type of root provided the greatest stabilisation effects. The FOS of the slope supported by the heart-shaped roots, through both mechanical reinforcement and transpiration-induced suction, is 16 and 28 % higher than that supported by the tap-and plate-shaped roots, respectively.
Introduction
Slope bioengineering using plant roots is an environmentally friendly solution to mitigate rainfall-induced instability of shallow soil slope (i.e. 1-2-m depth). In the past decades, many studies have been carried out to quantify the mechanical effects of root reinforcement through predominantly direct shear and pull-out tests (Fan and Chen 2010; Ghestem et al. 2014; Docker and Hubble 2008) . The contribution of real roots to slope stability has also been investigated employing the centrifuge modelling technique (Sonnenberg et al. 2010) . Centrifuge model test enables small-scale physical slope models to be tested at the stress levels identical to those experienced by much larger prototypes and under much better controlled test conditions than is possible in field experiments. This technique has been commonly used to study slope stability problems (Take et al. 2004; Wang and Zhang 2014) . Although most studies have concluded that the presence of roots can, in general, improve slope stability, it is unclear if roots with certain geometries offer better reinforcement than roots with other geometries. Some research groups have attempted to idealise real root geometries and created artificial roots for assessing pull-out resistance Mickovski et al. 2007; Kamchoom et al. 2014) and quantifying the roots' contribution to mechanical slope stabilisation in centrifuge (Sonnenberg et al. 2012) . Most of these studies have, however, generally ignored the hydrological effects of transpiration and the associated-induced soil suction. Laboratory and field tests (Lim et al. 1996; Simon and Collison 2002; Leung and Ng 2013a, b; Ng et al. 2013, among others) have shown that vegetated soil could retain credible suction of up to 20 kPa within root zone for rainfall with return periods less than 10 years. The retained suction could increase shear strength and pull-out resistance of roots ) and also reduce soil hydraulic conductivity (Ng and Leung 2012) . Therefore, an improved understanding of the hydrological role of plant transpiration in slope stability is desired.
The objective of this study was to quantify and compare, through centrifuge model tests, the effects of root geometry on slope stability with dual consideration of the hydrological effects of transpiration on suction and the mechanical effects of reinforcement. New artificial roots with three representative geometries-tap, heart and plate-were developed. These roots could simulate both the mechanical properties and hydrological effects of prototype roots observed in the field. To assist the interpretation of test results, a series of finite element seepage-stability analyses were conducted to (i) back-analyse the observed pore water pressure (PWP) responses during transpiration and during rainfall, (ii) evaluate slope stability by determining the factor of safety (FOS) and (iii) quantify the relative contribution of the hydrological and mechanical effects to the FOS against rainfall.
Development of new artificial roots for physical modelling
Idealisation and simplification of root geometry In order to model both the mechanical and hydrological effects of plant roots with different representative geometries in centrifuge, new artificial roots were developed in this study. In the literature, plant roots can be idealised and categorised as having three typical shapes (Köstler et al. 1968; Stokes and Mattheck 1996) , namely tap, heart and plate. Figure 1 shows some real roots retrieved from three species-Schefflera heptaphylla, Rhodomyrtus tomentosa and Melastoma sanguineum-which are commonly used for slope rehabilitation and ecological restoration in tropical and subtropical regions (Hau and Corlett 2003) . It can be seen in Fig. 1a that the tap-shaped root consists of one primary root and several secondary roots near its tip. Such root geometry is commonly found in larch species (Stokes and Mattheck 1996) . The heart-shaped root shown in Fig. 1b is typical of pine species (Perry 1989) . It also has a primary taproot, and its secondary roots are normally found near the soil surface and are predominantly sub-horizontal. As for the plate-shaped root (Fig. 1c) which is common for spruce species (Coutts 1986) , it mainly consists of secondary roots spreading out laterally and sub-horizontally at shallow depths. Field observation
Original Paper from Coutts et al. (1999) showed that plants found in slopes commonly have their roots spread predominantly in the in-plane direction for maintaining plant stability.
Based on the three idealised root shapes, three simplified artificial roots were constructed accordingly. Their dimensions shown in Fig. 1 are all expressed in prototype scale, with a scaling factor N of 15, as all centrifuge tests reported in this study were conducted at 15 times gravity (15g). In order to validate these artificial roots, Fig. 2 compares the distribution of root area ratio (RAR; defined as the ratio of cross-sectional area of roots to the soil at a given depth) between artificial and some real roots. For a fair comparison, real roots with each of the three geometries were selected from countries situated in subtropical regions with similar climatic conditions (Table 1) . It can be seen in Fig. 2 that for each geometry, reasonably good agreement is found between the real and artificial roots. The observed discrepancies in each case are considered acceptable, given the variability of plants in the field and the idealisation and simplification made for the artificial roots.
Mechanical properties of artificial roots
The material chosen to make the artificial roots was cellulose acetate (CA), as its mechanical and hydraulic properties are suitable for simulating root reinforcement and transpiration-induced suction simultaneously. According to the tensile tests conducted by Ng et al. (2014) , CA has an elastic modulus (E) of 83 MPa and a tensile strength (σ t ) of 31 MPa. These mechanical properties of an artificial root are found to be reasonably close to those typically identified in real roots (Coppin and Richards 1990; Stokes and Mattheck 1996) . Based on the results of direct shear tests reported by Kamchoom et al. (2014) , both the peak and ultimate interface friction angles between the artificial root and the soil to be used in this study are determined to be 34°, which is slightly below the typical range (36.1-37.9°) for soil-real root interface (Wang et al. 2010) . For N equal to 15, the prototype axial rigidity (EA, where A is the cross-sectional area of the artificial root) and flexural rigidity (EI, where I is the second moment of inertia of the artificial root) are about 290 kPa m 2 and 0.2 kPa m 4 , respectively. This is considerably close to that of a willow (Salix) species, which has an E of about 100 MPa at 60-mm root diameter (Stokes and Fig. 1 Overview of a tap-, b heart-and c plate-shaped artificial roots and d the newly developed suction-controlled system for simulating the effects of transpiration ) (all dimensions are in meters and in prototype scale) Table 2 summarises all the relevant scaling laws and root properties, both in model and prototype scales.
Simulation of the effects of plant transpiration
In order to simulate the effects of plant transpiration in centrifuge, each artificial root was connected to the suction-controlled system ( Fig. 1d ) newly developed by Ng et al. (2014) . The main idea of the system is to idealise the physical processes of plant root-water uptake and transpiration pull. The system consists of a high airentry value (AEV), water-saturated porous filter, which is connected to an airtight chamber for applying a vacuum pressure to each root. The applied vacuum would reduce water pressure inside the artificial root, creating a hydraulic gradient to remove the moisture of the surrounding soil. This water flow hence induces soil suction, simulating the effects of plant root-water uptake. This modelling technique has proven to create a range of suction that was typically observed in the field reasonably well . Besides being a suitable material for modelling the mechanical properties of real roots, CA is also an appropriate porous filter material for simulating the effects of transpiration. Taylor (1995) d According to Dell'Avanzi et al. (2004) This is because the CA has a high AEV of up to 100 kPa for maintaining water pressure produced by any vacuum applied through the chamber. The working principle of the suctioncontrolled system is explained in more detail in Ng et al. (2014) .
Centrifuge modelling and test programme
Test plan Three centrifuge tests were conducted in total to quantify and compare the contributions of the three different root geometries (tap, heart and plate) to induced suction and the associated stability of 45°slope models. Each slope model supported by multiple artificial roots was subjected to a period of "transpiration" using the new suction-controlled system followed by a rainfall event. All centrifuge tests were carried out at 15g in the geotechnical beam centrifuge facility at the Hong Kong University of Science and Technology. The fundamental principle of centrifuge modelling is to recreate stress conditions, which would exist in a prototype. Stress replication in the 1/N scaled model is approximately achieved by subjecting model components to N times of a "gravitational" acceleration, which is provided by centripetal acceleration (Taylor 1995; Ng 2014) .
Soil type and properties
Each slope model tested in this study was made of re-compacted completely decomposed granite (CDG) taken from Beacon Hill, Hong Kong. In order to minimise any particle size effects in centrifuge tests (Taylor 1995) , CDG with particle sizes larger than 2 mm was sieved. As a result, the ratio between the diameter of artificial roots (D r ) and D 50 of the soil (i.e. D r /D 50 ) was 74. This ratio was well above the critical ratio of 30, which was identified to be the upper limit that the particle size effects might become insignificant (Ovesen 1979; Bolton et al. 1993) . At a dry density of 1777 kg/m 3 (i.e. equivalent to a relative compaction of 95 %), the re-compacted CDG has zero effective cohesion (c′), an effective critical state angle (ϕ cr ′) of 37.4°and a dilation angle (ψ) of 5° ( Hossain and Yin 2010) . More measured properties of CDG are summarised in Table 3. A pair of measured drying and wetting soil water retention curves (SWRCs) of CDG using pressure plate apparatus is depicted in Fig. 3a . Each curve was obtained using pressure plate apparatus following the test procedures adopted by Ng and Pang (2000) .
Each SWRC was fitted with the equation proposed by van Genuchten (1980) , and the fitting parameters (α and n) are summarised in the figure. Hydraulic conductivity functions ( Fig. 3b) along the drying and wetting paths were estimated using a combination of the prediction equation proposed by van Genuchten (1980) and saturated hydraulic conductivity k s measured through a series of falling head tests. These hydraulic properties were later used as input for the transient seepage analyses.
Model preparation and instrumentation
In each test, the model package consisted of two major components; (i) a strong box for storing a 45°slope model supported by multiple artificial roots of the same geometry and (ii) a rainfall simulation system for controlling the rainfall intensity and duration. Figure 4 shows the procedures for preparing a model soil slope inside the strong box. Before compacting each model slope, Measured SWRC -drying (Ho, 2007) Measured SWRC -wetting (Ho, 2007) Fitted SWRC -drying (van Genuchten, 1980) Fitted SWRC -wetting (van Genuchten, 1980) 1.E-18
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1 Fig. 3 a Measured and fitted soil water retention curves (SWRC) and b predicted hydraulic conductivity function of CDG. k indicates hydraulic conductivity, and k s is saturated hydraulic conductivity silicone grease was pasted on all sides of the strong box. This type of grease is commonly used to minimise any undesirable friction and preferential flow of rainwater between the interface of the soil and all the boundaries of the strong box (i.e. Powrie 1986; McNamara and Taylor 2004) . As shown in Fig. 4a , a wooden mould identical in shape to the slope model was fitted inside the strong box. The face of the mould covering the slope surface had holes drilled into it. This facilitated the installation of artificial roots later on (Fig. 4b) . A total of 15 artificial roots were arranged in three columns × five rows with an identical spacing of 1.73 m. All roots were installed perpendicularly to the slope surface. The spacing of 1.73 m was selected so that the RAR would be consistent with the field observation shown in Fig. 2 . The strong box was then laid down, and the CDG at gravimetric water content of 15.1 % was compacted to a dry density of 1777 kg/m 3 in six layers using undercompaction method (Ladd 1977) . After compacting each of the first, third and fifth layers, an array of five artificial roots were inserted through the pre-drilled holes. Each artificial root was connected to the suction-controlled system through a rubber tube and vacuum delivery panel (Fig. 5) . The rubber tubes were sufficiently long so as to allow the roots' free movement as the slope deformed during testing inflight. After the installation of all the artificial roots and soil compaction, the wooden mould was removed. A lid was then placed over the strong box to minimise any evaporation from the bare soil surface, as well as any soil suction change due to the strong wind created by centrifuge spinning. The bottom and side boundaries of the strong box were set to be impermeable, and no water table was controlled in all tests. The slope surface was left exposed for rainfall infiltration. The rainfall simulation system consisted of six nozzles mounted inside the strong box (Fig. 5a ) and could produce mist droplets as rainfall. The use of mist droplets to simulate rainfall has the advantage of reducing the impact energy that might cause soil erosion and of mitigating droplet deviation (Caicedo and Tristancho 2010) .
Four pore-pressure transducers (PPTs; Druck PDCR-81), namely P1 to P4, were installed in each slope model to monitor the responses of PWP at the mid-slope (Fig. 5) . Two PPTs (P5 and P6) were installed at the bottom part of each model slope to monitor any development of groundwater table (GWT) during testing. Each PPT consisted of a saturated 1-bar AEV ceramic filter for measuring negative PWPs. Prior to installation, a cylindrical rod with a diameter slightly smaller than that of a PPT was drilled horizontally from the back of strong box into the location of each PPT (Fig. 5a ). Since the scaling factor of suction was identified to be 1.0 (Dell' Avanzi et al. 2004 ; Table 2 ), any suction recorded in the model box at 15g was equal to that in prototype.
During a rainfall event, any surface runoff generated from the slope models was measured by a runoff collection frame (340 mm in length×340 mm in width×100 mm in height) attached to the strong box near the slope toe (see Fig. 4a ). Another PPT, namely P7, was mounted inside the frame for monitoring any build-up of water pressure due to the accumulation of surface runoff water. As a result, the infiltration rate in the slope models can be determined by the difference between applied rainfall intensity and measured runoff.
Test procedures
Each centrifuge test was carried out in five stages. In the first stage, the centrifuge model package was spun up in the centrifuge (waypoint A), until the centrifugal acceleration reached 15g (i.e. waypoint B). The second stage was to maintain the 15g acceleration for the soil mass to consolidate so as to dissipate any excess PWP that might have built up as the g-level rose in the first stage. The 15g consolidation of the soil mass was considered to be completed when all PPTs showed negligible change in PWP (waypoint C). In the third stage at waypoint C, the effects of transpiration were simulated by applying an identical vacuum pressure to all artificial roots through the suction-controlled system. The vacuum pressure was kept constant, again until all PPTs showed negligible change in PWP within 24 h in prototype (waypoint D). Subsequently, in the fourth stage, a rainfall event was applied through the nozzles, with a constant intensity of 70 mm/h for 36 h. According to Lam and Leung's (1995) statistical analysis of 100 years' rainfall data in Hong Kong, the return periods for rainfall lasting 2 and 8 h (waypoint E) are 10 and 1000 years, respectively. Rainfall was terminated at waypoint F and the test drew to an end at waypoint G. After spinning down, it was observed that all three slope models remained standing. Stability analysis was conducted later to support this observation.
Numerical modelling of transient seepage and stability of rootsupported slopes In this study, a series of six finite element seepage-stability analyses was performed. The first three analyses aimed to back-analyse the PWP responses induced by the artificial roots and determine the FOS of the three rooted slopes tested in the centrifuge. Transient analyses were carried out first using SEEP/W (Geo-Slope Int. 2009a; based on mass balance equation and Darcy's law) to simulate the seepage event from waypoints C to D (i.e. the simulation of transpiration) and also from waypoints D to E (i.e. the simulation of rainfall). Then, slope stability analyses were conducted using the finite element program SIGMA/W (Geo-Slope Int. 2009b) to determine FOS through strength reduction method (SRM; Dawson et al. 1999; Griffiths and Lane 1999; Ng et al. 2001 ) at waypoints C, D and E. The other three analyses repeated the first three, but without considering the effects of transpiration. These analyses would provide insights into the significance of transpiration for slope stability. Figure 6 shows a typical finite element model adopted for the case of heart-shaped roots, analysed in prototype scale. For each seepage analysis (Fig. 6a) , the hydraulic boundary conditions of each slope were set identical to those in the centrifuge tests. To model three-dimensional (3D) artificial roots in a two-dimensional (2D) plane-strain slope model, a similar equivalent approach proposed by Indraratna and Redana (1997) was adopted. Each artificial root was modelled by creating a hollow material for each root component (i.e. tap part and branches) and then connecting them together. As all artificial roots were made of CA, AEV of 100 kPa and a saturated hydraulic conductivity of 1×10 −6 m/s were specified to all the components. The internal width of each root component was adjusted so that the total capacity of water volume flow in this 2D plane-strain "root wall" is equal to that in the 3D circular root tested in the centrifuge. The thickness of each root component was maintained to be the same as those tested in the centrifuge (i.e. 15 mm in prototype type; Fig. 1) . A constant pressure head was then applied along the internal boundary of each root component to simulate the effects of transpiration. Although a constant vacuum pressure of 95 kPa was applied in all the experiments, the pressure head applied in each root was corrected by the elevation head difference between each artificial root and the water level maintained in the vacuum chamber (i.e. at the same elevation of the slope crest). The first three transient seepage analyses consisted of three stages. The first stage was to specify a GWT that could produce a PWP distribution similar to those recorded by all the PPTs at waypoint C right before the simulation of transpiration. In the second stage, the vacuum pressure applied in each artificial root in the centrifuge tests was simulated (i.e. from waypoints C to D). In this stage, the set of soil drying parameters presented in Fig. 3 were used. When waypoint D was reached, the third stage of analysis began. The infiltration rate measured in the centrifuge was applied at the slope surface for simulating the 8-h rainfall event (i.e. from waypoints D to E). In an attempt to consider the effects of hysteresis identified in Fig. 3 , the set of soil wetting parameters were used in this stage. For the other three analyses (where transpiration was not considered), only the first and third stages were performed.
For the calculation of slope stability using SIGMA/W, the identical slope geometry and finite element mesh from SEEP/W were adopted. The side boundary of the slope was set to allow for vertical movement, while a fixed boundary was assigned at the bottom of slope to restrict both the vertical and horizontal movements. The CDG was modelled as a perfectly plastic material that obeys the modified extended Mohr-Coulomb failure criterion (Vanapalli et al. 1996) :
where τ s is the shear strength of soil (kPa); c′ is the effective cohesion (kPa), which is equal to zero for the re-compacted CDG; σ n is the normal stress on a slip surface (kPa); u a is the pore-air pressure (considered to be atmospheric, i.e. zero) (kPa); ϕ cr is the critical state friction angle (°), which is equal to 37.4°; u w is the PWP (kPa) and θ w is the volumetric water content (VWC) (m 3 m −3 ); θ s is the VWC at saturation (m 3 m −3 ); and θ r is the VWC at residual state (m 3 m
−3
). All input parameters are summarised in Table 3 . To model the mechanical properties of each root component, a beam element (Hinton and Owen 1979) was used to capture both the elastic axial and bending responses by specifying the Young's modulus, cross-sectional area and the moment of inertia of each root component (see Table 3 ). The soil-root interface was simulated using an interface element, allowing for soil-root interaction such as axial and bending strength mobilisation to be considered. The interface element also follows Mohr-Coulomb failure criterion, and the interface friction angle was specified as 34° . A similar modelling approach was used to capture the interface behaviour between soil and structures, such as nails (i.e. Yang and Drumm 2000; Kim et al. 2013 ).
When modelling the heart-and plate-shaped roots, the connection between the taproot and their branches was assumed to be rigid. In each stability analysis, the PWP distributions computed at waypoints C, D and E from SEEP/W were inputted into SIGMA/W for determining FOS using SRM. The principle of SRM is to apply a factor that would continuously reduce the shear strength parameters (i.e. c′ and ϕ cr ') until the slope could not maintain its equilibrium. During the shear strength reduction, imbalanced force would be developed in the slope. The roots installed in the slope would interact with the surrounding soil and mobilise any of their axial and bending strengths in resisting the loss of stability of each slope. The strength reduction factor that arrives at the non-equilibrium condition of the slope is referred to as FOS. Compared to limit equilibrium method, the SRM eliminates the need to pre-define any search algorithm and any prior assumptions on the shape and location of a failure surface. Figure 7a -c shows the measured PWP variations with time of slopes containing tap-, heart-and plate-shaped roots, respectively. Note that the response recorded by P4 in the slope model supported by tap-shaped roots is not shown because, unfortunately, this particular PPT was desaturated during the test. Prior to centrifuging, the initial PWP recorded by all PPTs was about −15 kPa for all three slope models. As the g-level rose, PWP jumped at all instrument locations in all three slope models due to self-weight consolidation. Similar PWP responses were also reported by Take et al. (2004) for an unsaturated CDG slope. When 15g was reached at waypoint B, the PWP reduced, but at rates much lower than the increases observed during the rise of glevel. This was likely attributed to the dissipation of the excess PWP generated in the previous stage. When vacuum pressure of −95 kPa was applied to simulate the effects of transpiration (waypoint C), PWP reduced substantially at depths of 0.3 and 0.6 m in the slopes supported by the tap-and heat-shaped roots (Fig. 7a, b) . On the contrary, for the slope supported by the shallower plateshaped roots (Fig. 7c) , only PWP at a depth of 0.3 m showed some reduction. This goes to show that the root geometry played a significant role in affecting the distribution of induced suction. When PWP equilibrium was reached after the application of vacuum (waypoint D), rainfall was applied. Upon infiltration, the PPTs in the top 1.2 m of soil in all three slopes were found to show significant increases in PWP to around −1 and −2 kPa and further to a positive value of about 10 kPa at a depth of 2.3 m after 8 h of rainfall (at waypoint E). As the rainfall event continued (i.e. waypoints E to F), the measured increases in PWP were less significant, and they appeared to reach the steady state. Figure 8a compares PWP responses measured along depth among the three slopes. At 15g (i.e. waypoint C), the measured PWP profiles in all three slopes were very similar to each other. When the vacuum pressure of −95 kPa was applied, the measured PWP within the root depth of the tap-shaped root (Fig. 8a) decreased substantially from a value of about −20 to −26 kPa. On the contrary, PWP below the root depth of 1.2 m showed only a slight decrease of about 2 kPa. For the slope supported by heart-shaped roots (Fig. 8b ), PWP at a depth of 0.3 m is found to be 15 % higher in that slope than in the one supported by tap-shaped roots (Fig. 8a) . This is because the heart-shaped root has two additional root branches (see Fig. 1b ) which served to induce a greater reduction in PWP. However, since the two branches were located at a relatively shallow depth of 0.1 m, their depth of influence on PWP appeared to be up to 0.3 m. This explains why the PWP induced at a depth of 0.6 m was similar between the two cases (i.e. about −26 kPa). For the slope supported by plate-shaped roots (Fig. 8c) , it appears that induced PWP was affected mainly at the shallow depths around the two branches (i.e. at 0.3 m), whereas those at greater depths than this were much less significant.
Interpretation of measured and computed results

Variations in PWP against time
Effects of root geometry on induced suction during drying
It can be seen that the computed PWP profiles agree well with the measurements made in all three cases, both before and after rainfall. It is therefore safe to say that the simulation of the transpiration effects in the centrifuge was fairly accurately backanalysed when a constant head of −9.5 m was applied along the 400  600  800  1000  1200  1400  1600  1800  2000  2200  2400  2600  2800  3000  3200  3400  3600  3800  4000  4200  4400  4600  4800  5000 Elapsed time ( root boundaries. The close agreement between the measurements and the simulations also suggests that the seepage modelling provided reasonable PWP responses that can be reliably used for the subsequent stability analyses.
Effects of root geometry on water infiltration and suction during rainfall Figure 9 compares the measured variations in the water infiltration rate with time among the three slopes. As the rainfall was maintained at a constant intensity of 70 mm/h, the initial infiltration rates in the first hour remained constant in all three slopes. However, when infiltration capacity was reached, all measured rates reduced exponentially, approaching the k s of the CDG. The infiltration rate in the slope supported by the heart-shaped roots was lower than that in the slope supported by the tap-shaped roots, while the one supported by the plate-shaped roots had the highest infiltration rate. The observed trend is consistent with the measured PWP responses. As shown in Fig. 8 , the PWP induced in the case of heart-shaped roots at the shallowest measurement depth of 0.3 m was the lowest, which would have caused the greatest reduction in hydraulic conductivity among the three cases (Fig. 3b) . Although similar amounts of PWP were induced in the cases of tap-and plate-shaped roots (Fig. 8) , the PWP induced at a depth of 0.6 m by tap-shaped roots was much lower than that induced by plate-shaped roots. This thus led to the noticeable difference between their water infiltration rates in Fig. 9 . For the purpose of seepage modelling, each measured infiltration rate was best-fitted. Each fitted line was then imposed on the slope surface boundary in SEEP/W for simulating the wetting event (see Fig. 6 ). Figure 10 compares the measured PWP profiles of the three slopes during rainfall infiltration. Note that the initial PWP profiles before rainfall were identical to those after drying in all three cases as presented in Fig. 8 . For the slope supported by tap-shaped roots (Fig. 10a) , PWP at the shallowest depth of 0.3 m showed the most significant increase after 2 h of rainfall (equivalent to a 10-year return period), whereas the increase was smaller at depths below the root depth. The seepage analysis also gave similar magnitudes of suction at the three instrument depths, although a positive PWP of about 5 kPa was developed within 0.3 m of the slope surface. As rainfall continued for another 6 h (equivalent to a 1000-year return period), PWP at all depths increased further. However, the amount of PWP increase within the root depth was much smaller than that below the root depth. This resulted in some negative PWP of about −2 kPa retained in the shallower depths, while a positive PWP of about 4 kPa was built up at a depth of 1.2 m. This highlights the significance of the effects of transpiration simulated by the artificial roots for suction redistribution. Figure 11a shows the computed PWP contour after 8 h of rainfall for the tap-root case. It can be seen that a zone of negative PWP was retained around the roots, especially for roots located in the upper part of the slope. This suction retained due to the effects of transpiration reduced soil hydraulic conductivity and, hence, the infiltration rate at the later stage of the rainfall event (Fig. 9) . Below the root depth where PWP was less influenced by transpiration, the PWP profile exhibited an almost hydrostatic distribution (Fig. 10a) and a GWT was developed (Fig. 11a) . The seepage analysis appears to give a fairly good prediction of the PWP recorded in the slope (see also Fig. 7a ). 
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As for the slope supported by heart-shaped roots (Fig. 10b) , the measured responses of PWP were largely similar to those observed in the case of tap-shaped roots, even though in the former case, (i) the initial PWP before rainfall was considerably lower (about 15 %) and (ii) the water infiltration rate shown in Fig. 9 was slightly lower. After raining for 8 h, the measurements showed that rather similar suctions of 2-3 kPa were retained within the root depth in the cases of tap-and heart-shaped roots. However, the computed PWP contour depicted in Fig. 11b shows that the zone of negative PWP developed was larger than that found in the tap-rooted case (Fig. 11a) . This suggests that the additional root branches of heartshaped roots have helped extending the influence zone of transpiration to affect the PWP regime of the slope in deeper regions. A similar GWT was found after 8 h of rainfall. The positive PWP built up in the numerical model is found to be consistent with the measurements made by P5 and P6 at the bottom of the slope (see also Fig. 7b ).
For the case of plate-shaped roots which have a much shallower root depth (Fig. 10c) , the PWP responses measured during the first 2 h of rainfall were again similar to those for the cases of tap-and heart-shaped roots at all instrument depths. However, as rainfall continued, only little suction was retained in the root zone, while positive PWPs were recorded at all depths and distributed hydrostatically. These measured PWP responses are consistent with the computed PWP contour shown in Fig. 11c . The contour shows that mainly localised suction was retained near the roots and the suction zone developed around the roots was smaller than those found in the tap-and heart-root cases. This is mainly because the plated-shaped roots do not have a taproot component, and their induced suction thus has less influences in deeper depths. Although the computed PWP at the end of the rainfall event was slightly underestimated in the top 0.5 m of soil in the plate-root case (Fig. 10c) , those at deeper depths were fairly close to the measurements. Given the limitation and simplification made in the seepage analyses, the discrepancies between measured and computed PWP are considered acceptable.
Effects of root geometry and transpiration on slope stability and deformation Figure 12 compares the FOS of the slopes supported by roots with the three different root geometries at waypoints C (i.e. after consolidation), D (i.e. after 5 days of transpiration) and E (i.e. after 8 h of rainfall). Before transpiration, FOS is found to be similar for all three slopes and it is higher than 1.0 (i.e. stable). Figure 13a with the mechanical reinforcement contributed by the artificial roots, created sufficient strength for the shallow soil to maintain its stability. Shear strain thus occurred in deeper depths below the root zone. Localised shear strain of up to 200 % was mobilised, indicating the potential formation of slip plane where the sliding mass above would fail along. As strain mobilisation mainly occurred in depths deeper than the root length, the shallow stability of all slopes (up to 1 m) was adequately maintained by the roots. When suction was created by the artificial roots through the simulation of transpiration (refer to Fig. 8 ), it can be seen in Fig. 12 that the FOS of each slope increased, though not very significantly (i.e. less than 4 %). When considering the corresponding shear strain contour in Fig. 13d -f, strain localisation apparently occurred at the same position before transpiration. This is because transpiration affected mainly the PWP in the top 1.2 m of each slope (see Fig. 8 ). This means that induced suction provided an additional stabilisation at the relatively shallow depths (i.e. within 1.2 m of the soil surface). After raining for 8 h (i.e. waypoint E), the FOS of all three slopes dropped significantly (Fig. 12) , following the reduction in PWP upon infiltration. Shear strain appears to have substantially intensified near the toe of each slope after the rainfall (Fig. 13g-i) , as compared to the cases before rainfall. Despite of the reduction of the FOS, the values in all three cases are still higher than 1.0, consistent with the centrifuge observation that all slopes remained standstill. The FOS of the slope supported by the heart-shaped roots is found to be 16 and 28 % higher than that supported by the tap-and plate-shaped roots, respectively. The greater stability provided by the heart-shaped roots is mainly because of the substantial amount of suction preserved after rainfall (Fig. 10) and also their higher mechanical pull-out resistances as compared to the other two geometries . On the contrary, the slope supported by the plate-shaped roots is only marginally safe (i.e. FOS close to 1.0; Fig. 12 ). As no suction was preserved (Fig. 10c) , the shallow slope stability was mainly contributed by the soil strength itself and the mechanical root reinforcement. As all plate-shaped roots have no taproot component, the pull-out resistance provided by this root geometry has only one third of that mobilised in the tap-and heart-shaped root , thereby contributing relative less to the slope stability. Figure 12 also shows the FOS of the three types of slopes that ignored the transpiration process before the rainfall event. It can be seen that the values of FOS after rainfall are all less than 1.0, indicating potential slope failure. The major reason is that when ignoring the effects of transpiration, no suction was preserved in all three slopes and a significant amount of positive PWP was developed hydrostatically along depth after the rainfall (see Fig. 10 ). Following such substantial increase in PWP, strain localisation occurred at relatively shallower region and closer to the toe of each slope (Fig. 13j-l) . Regardless of the root geometry, neglecting the effects of transpiration on slope stability resulted in a significant drop of FOS by up to 50 %.
Summary and conclusions
This paper interprets a comprehensive set of centrifuge model test data. The effects of root geometries and transpiration-induced suction on slope stability were quantified and compared. Three types of new artificial roots with different representative geometries (i.e. tap, heart and plate) were designed to enable the effects of transpiration to be simulated in centrifuge. These roots possessed mechanical properties closely resembling those real roots found in the field. The observed behaviour of slope models supported by the three different types of artificial roots was back-analysed through a series of finite element seepage-stability analyses to enhance the understanding of slope stability against intense rainfall.
The centrifuge tests revealed that the root geometry has a strong effect on both the magnitude and distribution of transpiration-induced suction. The heart-shaped root created the highest suction of 30 kPa within the root depth because this geometry has the highest soil-root contact area for water uptake among the three geometries tested. More importantly, the higher suction induced by the transpiration process consequently resulted in a lower water infiltration rate during the subsequent rainfall event. Following an extreme rainfall event with an equivalent return period of 1000 years, a uniform distribution of suctions was retained within the root depth in the tap-shaped root and heart-shaped root cases. Because of the relatively shallow depth of the plate-shaped roots (i.e. 0.1 m), all suctions developed in the previous drying period disappeared, and some positive PWPs were built-up. The PWP responses measured in all three centrifuge tests were captured reasonably well by the transient seepage analyses, when the sets of drying and wetting soil hydraulic properties were used to model the processes of transpiration and rainfall, respectively. When both the hydrological and mechanical effects of roots were considered, the slope supported by the heart-shaped artificial roots provided the highest FOS after rainfall (16 and 28 % higher than that supported by the tap-and plated-shaped roots, respectively). It is revealed that for any types of root geometry, ignoring the shear strength contributed by the transpiration-induced suction would result in much lower values of FOS (i.e. more than 50 % lower than the case with transpiration simulation) and shallower maximum shear strain given the same rainfall event. Fig. 13 Computed shear strain contours in slopes supported by tap-, heart-and plate-shaped roots before transpiration (a-c), before rainfall (d-f), after 8-h rainfall (g-i) and after 8-h rainfall without considering transpiration (j-l) (all dimensions are in meters and in prototype scale)
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